The Gram-positive bacterium Listeria monocytogenes can actively induce its own uptake by epithelial cells and fibroblasts through a surface-exposed 80 kDa protein, internalin (InlA), encoded by inIA. We studied the distribution and the DNA polymorphism of inIA sequences in a wide variety of wild strains of L. monocytogenes as compared to other Listeria species. This was done by PCR-amplifying inIA sequences encoding the fifteen repeats A and the three repeats B of InlA. inIA-repeated sequences were only found in L. monocytogenes. The amplified fragment of inIA encoding the repeats A displayed an AIul DNA polymorphism which arises from point mutations. These results indicate that inIA required for cell invasion is specific to L. monocytogenes and that the intragenic repeats only exhibit a genetic heterogeneity due to point mutations and not to recombinations.
INTRODUCTION
Listeria monoytogenes is a Gram-positive bacterium which is widely distributed in the environment and causes severe food-borne infections in humans and most warm-blooded animals (Gray & Killinger, 1966) . Its pathogenicity is due to its capacity to survive and to multiply in a wide variety of cell types, including macrophages, fibroblasts, epithelial cells, hepatocytes and enterocytes (Mackaness, 1962 ; Racz e t al., 1972 ; Havell, 1986 ; Gaillard et al., 1987 ; Woods e t al., 1993) . Like other intracellular bacteria, including the Gram-negative Yersinia psendotnbercnlosis (Isberg et al., 1987 ; Isberg & Leong, 1990) , Sbigellaflexneri (Hale & Bonventre, 1979) and Salmonella tJvpbimurinm (Elsinghorst et al., 1989; Galan & Curtiss, 1989) , L. monoytogenes can actively induce its own uptake by host cells through a specific interaction between a surfaceexposed 80 kDa protein, termed internalin, and an unidentified receptor (Gaillard et al., 1987; Gaillard e t al., 1991) . The role of internalin has been established by isolating insertion mutants, which are non-adherent and non-invasive (Gaillard e t al., 1991) . Gene complementation with inlA restores the invasive phenotype of these L. monoytogenes mutants and enables the non-invasive species Listeria innocna to penetrate enterocytes (Gaillard etal., 1991) . However, inlA has only been characterized in two L. monoytogenes reference strains, E G D and LO28 (Gaillard e t al., 1991) , and almost nothing is known about the distribution of the gene in clinical isolates of this species.
The gene inlA encodes a protein of 800 amino acids composed, from its amino-to its carboxy-terminus, of a signal peptide, 15 successive repeats of 22 amino acids (repeats A), three successive repeats of 70, 70 and 49 amino acids (repeats B), a proline/glycine-rich segment, a hexapeptide (LPTTGD) preceding a stretch of 20 hydrophobic amino acids, and a short positively charged tail (Gaillard e t al., 1991; Dramsi e t al., 1993) (Fig. 1) . Sequence analysis of the segments of inlA encoding regions A and B revealed that they are made up of DNA repeats with an identity of 3 3 4 9 % for repeats A, and 61-71 % for the repeats B (Table 1) (Gaillard e t al., 1991 ; Dramsi et a/., 1993) . Several pairs of segments encoding repeats A have in common a region of identity larger than 10 bp, and the two contiguous segments coding for repeats B2 and B3 share an identical 25 bp motif (Table 1) . Moreover, Southern blot analysis indicates that inlA is also part of a gene family (Gaillard e t al., 1991) . One of them, designated inlB, is located immediately downstream of inlA and displays 56% identity with inlA (Gaillard e t al., 1991) . These structural data suggest that inlA might generate variants by intragenic recombination between repeated segments or by extragenic recombination with inlA-related sequences, as previously described for the emm genes of Streptococcnsp_yogenes encoding the M protein (Fischetti, 1989 (Linnan et al., 1988) , two from the Canton de Vaud, Switzerland (Bille, 1990) , three from Nova Scotia, Canada (Fleming e t al., 1985) , three from Angers, France (Carbonnelle et al., 1978) , three from Boston, MA (Schlech et al., 1983) (Tabouret et al., 1991) ; (iv) the reference strains EGD (Gaillard et al., 1986) and LO28 (Vicente et al., 1985) . Most strains belonged to serovar 4b (68%) and 1/2a (28%), the other serovars being 1/2b, 1/2c, 3a, 3b, 3c and 7. All strains isolated from human or animal specimens were virulent in Swiss mice, as tested after intravenous infection (LD,, values 1 04'5-105'2 bacteria per mouse (unpublished results), whereas the environmental strains were avirulent (Tabouret e t al., 1991 Bacterial strains were grown on brain heart infusion (BHI) broth and BHI agar (Difco), and stored at -80 "C.
Characterization of inlA repeats A and B by PCR of inlA. PCR was used to amplify the repeats A and B of inlA. Total DNA was extracted from each of these strains as described previously (Poyart-Salmeron et al., 1992) . For repeats A, we used the pair of primers 0 1 (5'-GAATGTAACAGACACG-3') and 0 2 (5'-ATCGCTAATAGTAGC-3') to amplify a 11 57 bp DNA fragment. For repeats B, we used the pair of primers 0 3 (5'-AGCCACTTAAGGCAAT-3') and 0 4 (5'-AGTTGATGTG-TTAGA-3'), to amplify a 760 bp D N A fragment (Fig. 1 ). The PCR reactions were carried out in a final volume of 100 pl containing 50 ng of genomic DNA, 0-5 pM of each primer, 200 pM of each dNTP (Pharmacia Biotech) and 2.5 U of Tag DNA polymerase (Technomama) in a 1 x amplification buffer [lo mM Tris/HCl (pH 8-3), 50 mM KC1, 1.5 mM MgCl,]. The PCR mixtures were denaturated (5 min at 95 "C), then subjected to 40 cycles of amplification (1 min of annealing at 55 "C, 90 s of elongation at 72 "C and 1 min of denaturation at 94 "C). PCR products were separated by electrophoresis on 1 % (w/v) agarose gel. Molecular markers (1 kb ladder) were used (Gibco, BRL). The amplified D N A fragments were transferred to Nytran membranes (Amersham), as described by Sambrook e t al.
( 1 989 polymorphism of the amplified DNA fragments was studied by enzymic restriction. Amplified fragments (0.2 pg) were incubated with 2-3 U of Aid, HindIII, AccI or RsaI (New England Biolabs) for 2 h at 37 "C and the resulting DNA fragments were separated by electrophoresis on 3.5 YO (w/v) metaphor agarose gel (FMC Bioproduct).
Sequence analysis of inlA repeats A. The 406 bp amplified fragments of inlA repeats A were amplified by using primers 0 2 and 0 5 (5'-GGTTTAACCGCACTCAC-3') and purified from agarose gels by using the QIAE XI1 kit (Qiagen), treated with DNA polymerase I (Pharmacia) to convert ragged ends to blunt ends, and cloned in both orientations into a SmaI-linearized and dephosphorylated replicative form of M13mpl8. For each cloning, three clones were sequenced on both strands (Sanger e t al., 1977). INRA36  INRA49  INRA50  INRA64  INRA85  INRA35  INRA41  INRA6l  NEM270 Madrid, Spain (Vicente et al., 1985) Trudeau Institute, New York (Gaillard et al., 1986) Los Angeles, USA, 1988 (Linnan et a[., 1988) 1 } Switzerland, 1990 (Bille, 1990) Nova Scotia, Canada, 1985 (Fleming et al., 1985) Angers, France, 1978 (Carbonnelle et al., 1978) these phylogenetically closely related species are likely to be derived from a common ancestor. This hypothesis implies that these sequences have sufficiently diverged from each other not to allow the detection of inlA-related sequences with our PCR assay. , 1986) . Recombination between the central repeat blocks results in deletions producing changes in the primary amino acid sequence, which modify antigenic determinants or lead to the loss of an opsonic epitope in the A-repeat region (Jones et al., 1988) . Another mechanism involving extragenic recombination between adjacent emm-like genes has also been reported (Haanes & Cleary, 1989) . It is unlikely that such recombinations do occur in L. monoytogenes in view of our results. Indeed, the size of the amplified DNA fragments of repeats A and B of inlA is constant in all 68 isolates of L. monoytogenes. Part of this analysis is illustrated in Fig. 2 . In fact, antigenic variation has only been described for extracellular pathogens where it allows them to escape the immune system (Robertson & Meyer, 1992) . As a facultative intracellular pathogen, L. monoytogenes is slightly exposed to the selective pressure of antibodies, at least at the early phase of infection. Entry into host cells through ligand-receptor interaction might require that internalin be structurally conserved.
RESULTS AND DISCUSSION

Amplification of inlA repeats A and B in Listeria species
Genetic polymorphism of inlA repeats A and B
The DNA polymorphism of the L. monoytogenes amplified DNA fragments of repeats A and B of inlA was then studied by enzymic restriction, using A l d , Hind111 or RsaI. According to the sequence of inlA (Gaillard e t al., 1991; Dramsi e t al., 1993) , there are 10 restriction sites cleaved by these enzymes in this DNA fragment (Fig. 1) . The Hind111 and RsaI restriction patterns obtained were indistinguishable (data not shown), whereas Ah1 restriction analysis discriminated five different profiles for the 68 L. monoytogenes strains studied. This is illustrated for representative strains in Fig. 3 . The sizes of the Ah1 fragments used for reference purposes were those of inlA from L. monoytogenes EGD (Gaillard e t al., 1991 ; Dramsi et al., 1993) and the corresponding electrophoretic pattern was arbitrarily chosen as defining the type I restriction profile (Fig. 1 ). Size increase (approx. 27 bp) or decrease (approx. 15 bp) of the 180 bp AltcI restriction fragment containing 5 bp of repeats A14 and A15, and 109 bp downstream of repeat A15 (Fig. 1) defines the restriction profiles of types I1 (Fig. 3 , lanes 2, 14-17) and I11 (lanes 5-8, 12, 13, 19) , respectively. Types IV (Fig. 3, lanes 3 ,4, 9-11, 18) and V (lane 20) are related to types I1 and 111, respectively, but exhibit a size increase (approx. 12 bp) of the 102 bp AltlI fragment which contains 57 bp of A12 and 45 bp of A13 (Figs 1 and 3 ). The two Ah1 segments involved in the observed polymorphism are located in the same region of inlA, i.e. that encoding the carboxylic part of the repeats A. This might simply be due to the fact that five out of the eight AlzlI restriction sites present in the segment of inlA coding for the repeats A are clustered within this region (Fig. 1) . A specific profile cannot be associated with the epidemic or sporadic behaviour of the strains, either with their serovars or their virulence. 
CCa/P * Numbering refers to the first base of the ATG codon of the revised sequence of inlA (Gaillard e t al., 1991 ; Dramsi et al., 1993) and indicates the position of nonidentical bases.
t Identical and nonidentical nucleotides in the codons are written in upper and lower case, respectively.
$ Data are from Gaillard e t af. (1991) . § Data are based on the sequence determination of the amplified 409 bp D N A fragments. Only the codons which differ from those of the revised sequence of inlA (Gaillard e t al., 1991 ; Dramsi e t al., 1993) are shown.
The DNA polymorphism of the 760 bp amplified DNA fragment encoding the repeats B was studied similarly following digestion with A d , AltrI or RsaI endonucleases. There are six restriction sites cleaved by these enzymes in this DNA fragment (Fig. 1) . The restriction patterns obtained with each of the three enzymes were indistinguishable for all 68 L. monocytogenes strains (data not shown) .
Characterization of in/A variants
In an attempt to elucidate the molecular basis of the Ah1 polymorphism, we amplified a 406 bp DNA fragment of inlA encoding the repeats A1 l-A15 from L. monoytogeneS strains (EGD, L028, 850190, C93, NEM270) representative of the five types of AlzrI restriction profiles (I, 11, 111, IV and V, respectively) by using the primers 0 5 and 0 2 (Fig. 1) . The amplified DNA fragments were purified from each amplification mixture, cloned into M13mp18 and sequenced entirely. Comparison of their nucleotide sequences with that of the corresponding segment of inlA from L. monoytogenes E G D (Gaillard e t al., 1991 ; Dramsi e t al., 1993) taken as a reference, revealed that they differ at 24 positions which are located in 23 codons (Table 1) . Surprisingly, the amplified DNA fragment obtained from L. monoytogenes E G D differed at one position from the previously published sequences (Gaillard et al., 1991 ; Dramsi e t al., 1993) . However, since the same mutation was found in the four other sequences determined (Table 3) , it is unlikely that it results from misincorporation of nucleotides during the PCR assay. The amplified DNA fragments representative of the five restriction profiles characterized have the same size and their nucleotide sequences are highly related (the level of identity is 2 96% depending on the sequences con- inlA gene of Listeria monocytogenes sidered). Thus, the observed D N A polymorphism most likely results from point mutations and not from intragenic recombination within inlA or from extragenic recombination between inlA and the highly divergent inlA-related sequences. Among the 13 mutations located in the region encoding All-A15, 11 were silent and the remaining two at positions 966 and 1222 maintained a similarly charged residue at the same place (Table 1) . Eleven mutations were located in the 109 bp sequence downstream of the region coding for A15. Of these changes, six mutations were silent and the substitutions at positions 1258, 1277 and 1283 maintained a similarly charged residue at the same place (Table 1) . Only the change at position 1247 corresponds to a nonequivalent amino acid replacement: alanine (EGD, L028, 850190 and NEM270) versus glutamic acid (C93). Since strain C93 was isolated from an epidemic and is therefore virulent, it is assumed that this mutation has not led to modification of the functionality of M A . In conclusion, our results show that inlA required for invasion is specific to L. monocytogenes and that the intragenic repeats only exhibit a genetic heterogeneity due to mutations and not to recombinations.
